Abstract-Experimentally determined directional-hemispherical transmittances for visible radiation were used to calculate the effect of condensate on the hemispherical-hemispherical transmittance values under diffuse radiant conditions for single glass and polyethylene. The hemispherical-hemispherical transmittances were determined in the horizontal plane for different inclinations of both glazing materials assuming a completely overcast sky and a clear sky. In all cases, condensate was found to reduce the transmittance. Under an overcast sky, the transmittance of single glass was reduced by the presence of condensate from 8 up to 13% (on a relative scale) for increasing inclination angles of the glass plate, while for the polyethylene film, the transmittance reduction due to condensate decreased from 20 down to 13%. Under a clear sky, depending on date, time, and orientation of the glazing material, the transmittances of single glass and polyethylene were reduced by between 6 and 15% and by between 8 and 21%, respectively, due to the presence of condensate. These results revealed that the impact of the presence of condensate on the transmittance of a glazing cannot be omitted from design and performance calculations of solar energy systems. 
INTRODUCTION
and Galvin, 1991; Geoola et al., 1994 Geoola et al., , 1998 Schultz and Bartnig, 1996 ; Pieters and Deltour, During the last decade, due to the need for more 1998) and even in flat plate solar collectors reliable energy studies of buildings and solar (Hsieh and Rajvanshi, 1977 ; Fechner and Bucek, energy systems, an increasing interest in the 1999). scientific world in modelling and measuring the Against this background, the directional-hemisangular dependent transmittance of transparent pherical transmittances (t ) of a clear single glass dh materials has arisen (Platzer, 1992 ; Hutchins and (SG) plate and a low-density polyethylene Ageorges, 1993; Gombert et al., 1995; Palmer et (LDPE) film were measured in the laboratory by al., 1996; Mbise et al., 1997; Roos, 1997; Van Pollet and Pieters (2002b) as a function of Nijnatten and Spee, 1997; Rubin et al., 1998 , incidence angle and wavelength in the visible 1999; Karlsson and Roos, 2000a,b;  Karlsson et radiation range. The laboratory unit was the one al., 2001). Based on these angular transmittances, described in full detail in Pollet and Pieters the hemispherical transmittances under diffuse (1999) . It consisted of a hot box and a cold box, outside radiant conditions can be calculated. separated by an insulated wall in which the SG Besides, transparent materials are often poorly plate or the LDPE film under investigation were insulating, thin, transmitting materials, such as placed. Increasing the humidity in the hot box by single glass or plastic films, on which condensa-means of an accurate humidity control system and tion frequently occurs on the non-irradiated sur-lowering the temperature in the cold box to a few face of the transparent material when the inside degrees above freezing point allowed condensarelative humidity is high. These conditions which tion (without run-off) to be generated on the test give rise to the occurrence of condensation, are material. In the cold box a halogen lamp was used met in solar stills (El-Bahi and Inan, 1999 ; as the collimated light source. Use of spectral Aggarwal and Narayan, 2000) and occur frequent-filters allowed radiation beams with wavelengths ly in greenhouses (von Zabeltitz, 1987; Briscoe of 400, 450, 500, 550, 600, 650 , and 700 nm to be produced. The beam was directed at the prechosen incidence angle on the test material, where † it was partly transmitted into the hot box. In the Author to whom correspondence should be addressed. Tel.: hot box, a large integrating sphere captured the 1329-264-61-88; fax: 1329-264-62-35; e-mail: Jan.Pieters@rug.ac.be transmitted radiation, while its flux was deter-mined using a photodetector mounted on the of the material. This implies that independently of sphere.
the inclination of the wet glazing, the same The angular transmittance curves of the SG directional-hemispherical transmittance values can plate and the LDPE film were determined once in be applied to determine the hemispherical-hemisthe dry state and once when covered with conden-pherical transmittance values of any inclined wet sate and are given in Fig. 1 . The curves for the glazing. dry state show the typical trend of a dry transparIn practice, even under a cloudless sky, solar ent and uniform material: at normal incidence the radiation strikes the window of a house or an transmittance is maximal and it remains nearly office building or the covering material of a nonconstant for small incidence angles. For higher tracking solar collector at a large range of inciangles of incidence, an increasing transmittance dence angles, since at least part of the total solar reduction for incidence angles of up to 908 occurs. radiation is diffused due to atmospheric scattering. As can be deduced from Fig. 1 , the plateau of the In that case, the hemispherical-hemispherical transmittance curve is somewhat longer for SG transmittance (t ) can be an appropriate measure hh than for LDPE.
for the transmittance of a glazing which can be Furthermore, Fig. 1 illustrates that the impact derived from the directional-hemispherical transof the condensate on the transmittance is angle mittance curves. dependent: no effect up to a considerable transIn this study, the hemispherical-hemispherical mittance reduction is observed. For small angles transmittance values of a SG sheet (4 mm) and an of incidence, no transmittance difference between LDPE film (150 mm) were calculated for different the dry and the wet state of SG is found, while a inclinations and orientations assuming a comrelative transmittance reduction of 25% is ob-pletely overcast sky and a fully clear sky, in order served on LDPE due to the presence of conden-to analyse to which extent the presence of consate. At higher incidence angles, condensate gives densate affects the total transmittance of transparrise to a transmittance decrease on SG, while the ent materials under different outside solar radiatransmittance reduction on LDPE diminishes with tion conditions. increasing incidence angle. As shown by Pieters et al. (1997) via simulations, the results can be
CALCULATION METHODS AND
explained by the fact that flat condensate drops CIRCUMSTANCES ('pancakes') are formed on the glass plate, whereas the drops on the plastic film are more curved 2.1. Model structure and approach a hemispherical shape. The kind of condensate pattern formed depends on the surface 2.1.1. General description. A numerical model tension of the material. Furthermore, it was shown was developed to calculate the fluxes of direct and by Pollet and Pieters (2002a) that the directional-diffuse radiation incident on and transmitted hemispherical light transmittance of a transparent through a transparent material under a fully material covered with condensate does not sig-overcast sky and under a clear sky. In that way, nificantly change for different inclination angles the hemispherical-hemispherical transmittance values could be obtained. Radiation was assumed to be unpolarised and to strike the transparent material at one side. Calculations could be performed for any orientation of the transparent material (determined by the azimuthal angle and the inclination angle) and for any particular moment of the year. The transmittances were determined for radiation measured in the horizontal plane. The nomenclature used for the calculations is illustrated in Fig. 2 for the case of an east oriented glazing. The position of the sun is defined by the azimuthal angle f and the altitude angle u of sun sun the sun, whereas any point P of the sky is defined by its azimuthal angle f and altitude angle u (Rea, 1993) . The zenith angle z between the radiation of (SG) single glass and (LDPE) low-density polyethylene in the dry state and when covered with condensate.
zenith Z and point P is the complementary angle the transparent material was taken into account via the incidence angle u of the radiation. Under i a clear sky, the hemispherical-hemispherical transmittance depends also on the azimuthal angle of the surface. This azimuthal angle was expressed with respect to the south. Under a clear sky, the hemispherical-hemispherical transmittance changes over time. In that case, a time and irradiance weighted hemispherical-hemispherical transmittance value has to be determined as a measure for the hemisphericalhemispherical transmittance. The weighted average hemispherical-hemispherical transmittance transmitted and incident radiation. This means that the instantaneous transmittance values had to of the altitude angle u. The angle between the sun be weighted according to the actual outside and the sky point is given by j. The inclination irradiance level before integration. The weighted angle of the transparent material is equal to b, average hemispherical-hemispherical transmitt-¢ whereas n represents the normal to the glazing ance t (b ) in the time interval between the hh material. Furthermore, the incidence angle of a moments t and t is given by:
ray departing from the sky point P and striking t 2 the transparent material in point A is given by u .
The hemispherical-hemispherical transmittance hh i plane can be deduced from the directional-hemis-Eq. (1), the transmittance depends on the radiance pherical transmittance and the sky radiance dis-distribution of the sky. Under an overcast sky, no tribution as follows: direct radiation is available and the radiance distribution of the sky is supposed to be in- Rea, 1993) . According to this distribution, the for uu u # p/ 2
(1) i zenith radiance is three times higher than at the where t (u ) is the directional-hemispherical horizon: where L (W sr m ) is the sky zenith radiance. u, f, and u represent the altitude angle, the z i
In the case of a clear sky, the sky radiance as azimuthal angle, and the incidence angle of the well as its distribution depend on the relative sky point under consideration, respectively. position of the sun. The solar position is specified It is clear from Eq. (1) Under an overcast sky, the hemisphericalhemispherical transmittances in the horizontal According to this equation, the radiance of the plane of SG and LDPE were calculated for diffuse radiation is highest in the sky vault inclination angles between 0 and 908 at 108 element surrounding the sun. The zenith radiance intervals. Under clear sky conditions, the average L , which is a function of the solar altitude and z hemispherical-hemispherical transmittances in the total horizontal irradiance coming from the the horizontal plane of SG and LDPE were sky, was taken from Rea (1993) .
calculated. Ghent with a latitude of 518 and a The irradiance of the direct radiation was longitude of 23.58 was chosen as the location. estimated from the total diffuse irradiance, taking The calculations were performed for every half an into account the ratio of diffuse and direct radia-hour of three characteristic days: the summer (22 tion. The distribution of the total solar radiation June) and the winter (23 December) solstice and over diffuse and direct radiation changes with the the spring equinox (22 March). The radiance altitude of the sun (Monteith and Unsworth, distribution on the autumn equinox (22 Sep-1990) . The fraction of the diffuse radiation de-tember) is similar to that on the spring equinox. creases with higher solar altitude. These values The time weighted transmittance was calculated are given in Table 1 and were incorporated into according to Eq. (2). Furthermore, a north (N), an the model.
east (E), and a south (S) oriented transparent The visible radiation fractions of direct and material were considered. A west (W) oriented diffuse radiation are different from each other and material shows analogous transmittance characdepend also on solar altitude. The ratio of visible teristics as an E-oriented one. Therefore, it was radiation to total radiation increases with increas-not treated separately. The inclination of the ing altitude angle for direct and diffuse radiation. transparent material was set at 0, 30, 60, and 908. The radiometric visible radiation fractions for direct and diffuse radiation as given by Monteith (1973) were taken into account (see Table 1 ).
RESULTS AND DISCUSSION
Differences in the spectral distribution between 3.1. Overcast sky direct and diffuse radiation were not taken into account since uniform data were not available.
3.1.1. Dry state. The hemispherical-hemisHowever, since the transmittance values of SG pherical transmittances of dry and wet SG and and LDPE are nearly constant over the visible LDPE under an overcast sky are given in Fig. 3 as radiation range, errors introduced in this way were a function of the inclination angle of the glazing. very small.
The relative effect of the condensate on the transmittance of both glazing materials is also 2.2. Simulation circumstances illustrated in Fig. 3 . For both glazing materials, the hemispherical-hemispherical transmittance The directional-hemispherical transmittance decreased gradually with increasing inclination curves in the visible radiation range, as presented angle. It should be stressed that the transmittance in Fig. 1 , were used as input data in Eq. (1) to 81% for a horizontal surface to 57% for a vertical surface (see Fig. 3 ). As can be observed in Fig. 3 , the hemispherical-hemispherical transmittance curves of SG and LDPE in the dry state were parallel, since the directional-hemispherical transmittance curves of both materials were almost similar. The highest transmittance-and consequently the irradiance level-under the glazing was found for SG. The hemispherical-hemispherical transmittances of the LDPE film were on average 3% lower than the SG transmittances. The average relative difference was 4%.
3.1.2. Wet state. For both materials, condensate reduced the total transmittance under overcast sky conditions, as can be observed in Fig. 3 . How- condensate on the transmittance differed obviously for both materials. Moreover, the inclination is not a measure for the amounts of radiation angle of the glazing material played an important found under or behind the glazing. Apart from the role in the effect of the condensate on the total transmittance, the amount of incident radiation is transmittance. The angular transmittance values of of importance. The latter can vary a lot depending a wet glazing, however, do not change as a on time, inclination and orientation of the materi-function of the inclination, as shown by Pollet and al. Pieters (2002a) . The transmittance of dry SG determined in the The hemispherical-hemispherical transmittance horizontal plane, was found to decrease from 84 of wet SG was found to be a curve nearly parallel to 61% with increasing inclination angle. The to the one of dry SG. The absolute transmittance highest radiant intensity occurs in the zenith, difference between the dry and the wet state was which on a horizontal surface corresponded with a on average 7%. Relatively, the effect of condenzero incidence angle for which the directional sate on the hemispherical-hemispherical transtransmittance-as shown in Fig. 1 -is maximal. mittance increased with increasing inclination In the case of a vertical surface, the lowest radiant angle, as shown in Fig. 3 . As was shown in Fig. 1 , intensities are found at small incidence angles. the directional-hemispherical transmittance of SG This gave rise to an obviously greater hemispheri-was most affected by the presence of condensate cal-hemispherical transmittance for a horizontal at high angles of incidence. Since the fraction of surface than for a vertical surface under an high incidence angle radiation increased with overcast sky. As a result, the directional-hemis-increasing inclination angle, the effect of condenpherical transmittance decreased with increasing sate on the hemispherical-hemispherical transincidence angle.
mittance also increased with increasing inclination Lake (1964, 1965 ) measured solar angle of the SG plate. The decrease of the transmittances of glass plates under overcast sky hemispherical-hemispherical transmittance due to conditions ranging from 77 to 83% for a roof condensate varied from 8% for a horizontal slope of 268. The value of 80%, simulated in this surface up to 13% for a vertical one. study, is in the middle of this range. A hemisIt can be concluded that under a glasshouse pherical-hemispherical transmittance of 83% was roof with a slope of 20 to 308, the irradiance is measured by Breuer (1981) on horizontal glass reduced by about 9%, when the roof is covered under an overcast sky. This value is very similar with condensate under an overcast sky. These to the transmittance of 83.7% predicted in this findings fully agree with those of von Zabeltitz study.
(1987), measured by means of an experimental When considering the LDPE film in the dry set-up. For 15 and 308 inclined SG plates, this state, the hemispherical-hemispherical transmitt-author found a relative reduction of 9% for both ance of the plastic film decreased gradually from inclination angles. For vertical glass surfaces as found in houses or office buildings, the transmitt-and LDPE film during winter (23 December). In ance was even more reduced by the condensate. that period, condensation frequently occurs due to When covered with condensate, the relative the relatively low surface temperature of the reduction of the transmittance of LDPE due to the transparent material, while the highest irradiance presence of condensate varied from 20% for a levels are received by a S-oriented material. For horizontal film down to 13% for a vertical film. that day, the average daily hemispherical-hemisThe hemispherical-hemispherical transmittance pherical transmittances of SG and LDPE in the of a horizontal LDPE film was reduced from 81% dry and the wet state are illustrated in Fig. 4 . The to a value of 65%. For a vertical wet LDPE film, thick lines in the figure represent the relative 50% of the incident radiation was transmitted, effect of the condensate on the transmittance. instead of 57% for dry LDPE. The lower impact When comparing Figs 3 and 4 , it is clear that of the condensate on the hemispherical-hemis-the transmittance course as a function of inclinapherical transmittance for increasing inclination tion was highly depending on the radiant sky angles of the film can be explained via the conditions. For the particular case illustrated in directional-hemispherical transmittance of LDPE. Fig. 4 -in contrast to the findings under an As shown in Fig. 1 , the directional-hemispherical overcast sky-the lowest transmittance values transmittance of LDPE was most reduced at low were found for a horizontal glazing material. For angles of incidence. This fraction of radiation the dry state, the transmittance showed an increasdecreased with increasing inclination angle. As a ing trend for small inclination angles. For inclinaconsequence, the impact of condensate on the tion angles higher than 308, a constant transmitthemispherical-hemispherical transmittance was ance value of about 81 and 79% for SG and highest at low inclination angles. When comparing LDPE, respectively, was found. For a horizontal the simulated results with the experimental find-transparent material, the smallest incidence angle ings of von Zabeltitz (1987) , good agreement can of direct radiation in winter was about 758 at the be observed. On a 15 and 308 inclined PE film, mentioned location. This is a result from the fact von Zabeltitz (1987) measured a relative solar that direct radiation is highly reflected on the transmittance reduction of 19%.
glass plate, which gives rise to the low transmittance value of about 68% for visible radiation. For inclination angles between 30 and 908, direct 3.2. Clear sky radiation strikes the glass plate at lower incidence 3.2.1. Dry state. As was to be expected, it was angles for which the directional-hemispherical found that under clear sky conditions, great transmittance-and in that way the hemispherivariations in the transmittance of SG and LDPE cal-hemispherical transmittance-is much higher. occur over time, depending on the orientation and the inclination of the transparent material. The shape of the transmittance curves depended on the glazing orientation and the time. No general conclusions could be drawn on the effect of the inclination angle on the transmittance of the glass plate, since the transmittances of the glass plate and the plastic film increased, decreased or remained constant with increasing inclination angle depending on the simulation circumstances. Similar to the hemispherical-hemispherical transmittance curves under an overcast sky, the hemispherical-hemispherical transmittance curves of SG and LDPE in the dry state were parallel, since the directional-hemispherical transmittance curve of both materials almost coincided. Relatively, the hemispherical-hemispherical transmittance of dry LDPE was 3 to 6% lower when compared with ances of dry and wet south oriented SG and LDPE and the One specific situation was selected to illustrate relative transmittance difference between the dry and the wet the transmittance course as a function of inclina-state under a clear sky on 23 December as a function of the tion, namely the situation of a S-oriented SG plate inclination angle of the glazing material.
Among the situations as specified in Section 2.2, the highest transmittances were found on a S-oriented glass plate (83%) during spring and summer. Especially during spring, the transmittance of a S-oriented glass plate was high and quite constant over the range of inclination angles. This can be explained by the high flux of radiation which strikes the transparent material in the range of incidence angles where the directionalhemispherical transmittance is maximal and almost constant (0-408). For all cases under consideration, the lowest transmittance (36%) was found on a N-oriented 608 inclined LDPE film during summer. This low transmittance was due to the high flux of direct radiation striking the transparent material around noon at high angles of incidence.
When comparing the transmittances of N-and S-oriented inclined transparent materials, the transmittance was found to be always higher for S-oriented materials when compared with N-oriented ones. This was due to the lower mean value of the incidence angle for radiation striking a S-oriented material when compared with a Noriented one.
Wet state.
The impact of the presence of condensate on the transmittance can be deduced from Fig. 4 for the particular situation of a Soriented material during winter. Besides, for all situations under consideration, the average daily transmittance reductions of both materials caused by the condensate are summarised in Fig. 5 .
For each orientation and inclination of both tion or the inclination angle on the one hand and the impact of condensate on the transmittance on the other hand was found. The relative effect of dence angles, the differences between the angular condensate on the transmittance of both materials transmittances of wet SG and wet LDPE were varied between 6 and 21%. Both extreme values maximal. occurred on a S-oriented material. However, the For some orientations and at some moments, minimum value of 6% corresponded with glass the influence of condensate was almost indepenand the maximum value with plastic. dent of the inclination angle of the transparent The effect of condensate on the reduction of the material (for instance N-oriented glass during hemispherical transmittance of SG and LDPE was winter and spring). For other cases, a great clearly different, due to the differences in the variation was observed (for instance S-oriented angular transmittance curves of both materials. glass during spring and summer), which means The highest differences between both materials that the average incidence angle of the total were found for a S-oriented 30 or 608 inclined incident radiation obviously differed in time. material. For that orientation and inclination, the The calculations revealed that condensate exincidence angles of high intensity radiation erted the greatest effect on glass when relatively around noon were small. For this range of inci-great fractions of radiation struck the transparent material at incidence angles in the range of 50-presence of condensate on the inside surface of 758. At these incidence angles, the directional-the transparent material is time dependent. Conhemispherical transmittance is most affected by densation can be found on any day of the year. the condensate as was shown in Fig. 1 . These However, condensate is especially formed during conditions occur for instance in summer on a periods of low insolation, namely during winter, vertical S-oriented glass plate (see Fig. 5c ). On the but also in summer, near sunset and sunrise, and contrary, when direct radiation struck the trans-during cloudy periods. parent material at small incidence angles, condensate had a small influence on the transmittance of 4. CONCLUSIONS glass. The transmittances of 30 and 608 inclined glass plates were most affected by condensate Hemispherical-hemispherical transmittance when exposed towards the north. The effect of values of single glass and low-density polycondensate on the transmittance of a vertical E-ethylene in the visible radiation range were calcuoriented SG plate was almost independent of the lated using experimentally determined angular time of the year.
transmittances. Particularly, the impact of the In most cases, clear differences were found presence of condensate on the hemisphericalbetween the effect of condensate on the transmitt-hemispherical transmittance of both glazings was ance during the winter when compared with the determined under an overcast and a clear sky for summer. During winter, when the radiation flux is several orientations and inclinations of the glazlowest and the chance that condensation occurs is ing. For both materials, condensate always rehighest, the relative transmittance reduction due to duced the total transmittance under outside radiant condensate on SG varied between 6 and 13%. conditions. Quantitatively, however, the impact of During summer, values ranging from 7 to 15% the condensate differed remarkably due to the were found. differences in the condensate patterns formed on The relative effect of the condensate on the both glazings. The relative effect of condensate on transmittance of LDPE varied between 8 and the transmittance varied between 6 and 15% for 21%. It was shown in Fig. 1 , that the angular SG and between 8 and 21% for LDPE. The transmittances of LDPE in the dry and the wet orientation and the inclination angle of the glazing state differ most for small angles of incidence up showed no clear relation with the impact of to 308. These conditions occur especially in winter condensate on the transmittance. In most cases, on a S-oriented 608 inclined surface, for which the condensate reduced the transmittance of LDPE highest relative impact of condensate on the the most when compared with SG. In the case of transmittance is found. The lowest effect of LDPE, it was found that the effect of condensate condensate occurred when radiation struck the on the transmittance was proportional to the transparent material at high angles of incidence, transmittance of dry LDPE. This was not found for which the angular transmittance of LDPE is for SG. The results revealed that under outside least affected. These circumstances occur for radiant conditions, the presence of condensate instance in summer on a N-oriented 608 inclined could considerably reduce the transmittance of, surface. Actually, it can be stated, as clearly and as a consequence the irradiance level, inside a observed in Fig. 4 , that the effect of condensate solar energy system. Therefore, the impact of the on the transmittance was proportional to the presence of condensate on the transmittance transmittance of dry LDPE. This relation was not should be included in the design and performance valid for SG.
calculations of solar energy systems if condensaIn general, the relative effect of the condensate tion is expected. on the average daily transmittance was obviously higher for LDPE when compared with SG. At a NOMENCLATURE particular moment or inclination of the glazing material (for instance a S-oriented vertical surface Latin symbols during summer), however, a higher relative effect t time, s, 
Greek symbols
Of course, it should be kept in mind that the b inclination angle of the cladding, rad
